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Oligonucleotide-mediated RNA interference
To knock down the levels of endogenous TAZ protein, cells were transfected with oligonucleotides at a final concentration of 133 nM using Lipofectamin 2000 according to the manufacturer's instructions. At the indicated time point after transfection, cells were lysed and analyzed for TAZ protein expression by western blot analysis using an antibody raised against the common C terminus of TAZ and YAP (S1) and detected using enhanced chemiluminescence (ECL, Amersham).
Plasmid and retroviral expression constructs
Plasmids encoding Flag-TAZ, Flag-TAZ(S89A) [pEF-mTAZ-NFLAG and pEFmTAZ(S89A)-NFLAG] have been described previously (S1) . Plasmids used to produce murine retroviruses expressing wild-type TAZ or the S89A mutant were constructed by subcloning the Eco RI insert containing the entire TAZ coding sequence from pEFmTAZ-NFLAG and pEF-mTAZ(S89A)-NFLAG into the Eco RI site of pBabe Puro (BP). Retroviral constructs producing shRNA against TAZ (pSRP-TAZ) were constructed by subcloning oligonucleotide hairpin sequences into the Bgl II/Xho I sites of pSRP downstream of an RNA Pol-III promoter from the H1 RNA gene (S2) . The oligonucleotide hairpin sequences used were: Forward oligo: and Reverse oligo: where murine TAZ-specific sequences are shown in bold capital letters and hairpin sequences are shown in small underlined type. The pSRP parent plasmid was the kind gift from Drs. S. Lessnick and T. Golub, (Dana-Farber Cancer Institute, Boston, MA). PPARγ2 cDNA was amplified from pSV-PPARγ2 by PCR and subcloned into the Eco RI/Xho I sites in pcDNA3-6Xmyc-(N) (a gift from K. Miyazono, Cancer Institute of JFCR, Tokyo) to produce pMyc-PPARγ2 containing 6 copies of the Myc epitope tag at its amino terminus. The p6OSE2-Luc reporter plasmid was a gift from R. Derynck (UCSF, San Franciso, CA). The HA-tagged Runx2 expression plasmid was a gift from P. Hinds (Harvard Medical School, Boston, MA). The pEF-Runx2 plasmid was a gift from Yoshiaki Ito (Institute of Molecular and Cell Biology, Singapore). pSV-PPARγ2 is described in reference (S3) .
Culture and differentiation of model cell lines C2C12 cells were cultured in DMEM containing 15% fetal bovine serum (FBS). To induce osteoblast differentiation, the cells were plated at a density of 2 × 10 4 cell/cm 2 , and 24 hr later the medium replaced with DMEM containing 5% FBS and 300 ng/ml of BMP-2 for the remainder of the experiment (S4).
3T3-L1 cells were cultured in DMEM containing 10% bovine calf serum (CS). To induce adipocyte differentiation, 3T3-L1 cells were grown to confluence, and the medium then replaced with DMEM containing 10% FBS, 5 µg/ml insulin, 1 µM dexamethasone, and the indicated amount of Rosiglitazone for 48 hr. Cells were then maintained in DMEM containing 10% FBS and 5 µg/ml insulin for the remainder of the experiment (S3).
Isolation and culture of primary mesenchymal stem cells and induction of differentiation
Bone marrow was flushed out of tibias and femurs of 8-to 10-week-old mice by using DMEM. Bone marrow mesenchymal stem cells (MSCs) were isolated from these aspirates using methods modified from those described previously (S5) . Briefly, isolated marrow cells (5 × 10 7 cells obtained from 5 mice) were washed with PBS and recovered after centrifugation at 900g. The cell pellet was resuspended in 5 ml of DMEM containing 10% FBS and loaded onto a 5 ml cushion of Percoll in a 15-ml conical tube. Following centrifugation at 1100g for 30 min at 20°C, the nucleated cells were collected from the Percoll-DMEM interface, diluted with two volumes of DMEM and recovered by centrifugation at 900g. The isolated cells (typically ~3 × 10 6 cells) were resuspended, plated at 2 × 10 5 cells/cm 2 , and cultured in DMEM containing 10% FBS with media changes at 24 hrs, 72 hrs, and every third or fourth day thereafter. MSCs grew as colonies and were subcultured/amplified at 10 to 14 days by treatment with trypsin/EDTA solution for 5 min and reseeding onto fresh plates. After 7 cycles of amplification, cells were used for osteoblast and adipocyte differentiation studies.
To induce osteogenic differentiation, MSCs were plated at 2 × 10 4 cells/cm 2 in DMEM containing 10% FBS (growth medium, GM) for 24 hrs. The media was then replaced with GM supplemented with 0.1 mM dexamethasone, 10 mM β-glycerophosphate and 50 mg/ml ascorbic acid (differentiation medium, DM) with media changes every other day. To induce adipocyte differentiation, cells were cultured in GM for 24 hrs, and the media then replaced with GM containing 1 mM dexamethasone, 5 mg/ml insulin and indicated amount of Rosiglitazone.
Establishment of wild-type and TAZ -/-cell lines
TAZ -/-ES cells were generated by gene disruption at the endogenous TAZ locus by homologous recombination, and will be described in detail elsewhere (S6) . Primary wildtype and TAZ -/-MEFs were isolated from E12.0 littermate embryos and cultured in DMEM plus 10% fetal bovine serum. MEFs were immortalized following the 3T3 protocol (S7). Briefly, early passage MEFs were plated at a density of 2.4 × 10 6 cells per 10-cm 2 dish, and gently trypsinized and replated at the same density every 3 days. Cells were immortalized after 5 months of continuous culture. Induction of adipogenesis was performed as described above.
Production of murine retroviruses and retroviral shRNA-derived stable cell lines
Phoenix cells (S8) were cultured in 100-mm dishes and transfected with the retroviral vectors pBP-TAZ-NFLAG, pBP-TAZ(S89A)-NFLAG, the parent Babe-Puro vector, pSRP-TAZ, or the parent pSRP vector using calcium phosphate. Following transfection, viral supernatants were harvested 48 hr later and used to infect C2C12 cells, 3T3-L1 cells, amplified MSCs, or wild-type or TAZ -/-MEFs in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS and 8 µg/ml polybrene. Cells containing stably integrated retroviruses were selected after growth in DMEM containing 10% FBS and 2.5 µg/ml puromycin for 7 days.
Real time PCR analysis
Total RNAs was isolated from cultured cells using TRIzol reagent (Gibco BRL). Singleround cDNA synthesis was performed from total RNAs using reverse transcriptase followed by real time PCR analysis to determine osteocalcin, aP2, GAPDH and β-actin mRNA expression.
Forward and reverse primer sequences used for osteocalcin PCR were as follows:
OC5: 5'-CTAGCAGACACCATGAGGAC-3' and OC3: 5'-CAGGTCCTAAATAGTGATACC-3'.
Forward and reverse primers used for β-actin PCR were 5'-GCTCTGGCTCCTAGCACCAT-3' and 5'-GCCACCGATCCACACCGCGT-3'
Forward and reverse primers used for TAZ PCR were 5'-GTCACCAACAGTAGCTCAGATC-3' and 5'-AGTGATTACAGCCAGGTTAGAAAG-3'.
Forward and reverse primer sequences used for fatty acid binding protein aP2 PCR were 5'-GTGGGAACCTGGAAGCTTGTC-3' and 5'-CTTCACCTTCCTGTCGTCTGC-3'.
Forward and reverse primers used for GAPDH PCR were 5'-CTTCACCACCTTCTTGATGTC-3' and 5'-CCAAAAGGGTCATCATCTCTG-3'.
Real-time PCR was performed using an ABI-Prism 7700 sequence detector (PerkinElmer/ Applied Biosystems). To adjust for variations in the amount of input RNA/cDNA between experiments, the threshold cycle (Ct) values for osteocalcin were normalized against Ct values for β-actin in each reaction.
Northern blot analysis
Total RNA prepared as above was electrophoresed on formaldehyde-containing agarose gels, and equivalent RNA loading verified by EtBr staining. Gels were transferred to Hybond membranes (Amersham Pharmacia) and cross-linked using a Stratagene UVcross-linker. An aP2 cDNA probe (S3) was labeled using [ 32 P]dCTP by random priming (Rediprime II labeling kit, Amersham Pharmacia) as per the manusfacturer's instructions, and hybridized to the membranes for 2 hrs at 65°C. The membranes were washed 3 × 10 min with 2 × SSC, 0.05% SDS, followed by 3 × 10 min with 0.1 × SSC, 0.1% SDS at room temperature and analyzed by autoradiography.
TAZ-PPARγ and TAZ-Runx2 interaction studies
For in vitro studies, GST-PPARγ was purified from baculovirus-infected Sf9 cells bound to glutathione-Sepharose beads and incubated with in vitro translated 35 S-labeled YAP, TAZ, and SRC-1 for 2 hrs at 37°C. Following washing, bound proteins were eluted with 2× SDS-sample buffer and detected by SDS-PAGE/autoradiography. The converse experiments were performed using bacterially expressed GST or GST-TAZ immobilized on glutathione-Sepharose beads and 35 S-labeled PPARγ produced by in vitro translation.
For intracellular analysis of TAZ-PPARγ binding, 293T cells were transfected with pEF-mTAZ-NFLAG and/or pMyc-PPARγ2. 24 hours after transfection, cells were lysed in lysis buffer (50 mM Hepes at pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 50 mM β-glycerophosphate, 25 mM NaF, 20 mM EGTA, 15 mM MgCl 2 , 1 mM DTT, 1 mM Sodium Orthovanadate and protease inhibitors) on ice for 30 min. Cell debris was removed by centrifugation, and the supernatant immunoprecipitated using anti-Flag antibody-conjugated agarose beads or anti-Myc antibody-preadsorbed agarose beads for 2 hrs at 4°C. Beads were washed three times with lysis buffer and immunoprecipitated proteins were detected by immunoblotting with ECL detection.
Reporter gene assays
To assay for modulation of Runx2 driven gene expression by TAZ, increasing amounts (0.05-0.2 µgs) of pEF-mTAZ-NFLAG or pEF-mTAZ(S89A)-NFLAG expression plasmids were transfected into C2C12 and C3H10T1/2 cells along with pEF-Runx2 and the p6OSE-Luc reporter construct. Total DNA in each sample was equalized by addition of empty pEF-Bos vector DNA, and all reactions contained 0.1 µg of pCMV-β-gal as an internal control for transfection efficiency. 24 hrs following transfection, cell lysates were prepared and luciferase activities assayed using the Promega luciferase assay kit according to the manufacturer's protocol. Differences in transfection efficiency were corrected for by normalizing the luciferase activities to those of β-galactosidase.
To assay for modulation of PPARγ-driven gene expression by TAZ, U2OS cells were transfected with TAZ-NFLAG or pEF-mTAZ(S89A)-NFLAG expression plasmids along with pSV-PPARγ, an aP2 promoter-containing firefly luciferase reporter plasmid (aP2-Luc), and a Renilla luciferase-expressing plasmid as a transfection control. 24 hrs after transfection, cell lysates were analysed for luciferase activity as above, and differences in transfection efficiency corrected for by normalizing the firefly luciferase activity to that of Renilla luciferase.
Chromatin immunoprecipitation C2C12 cells stably expressing FLAG-tagged TAZ were treated with 300 ng/ml BMP-2 for 3 days to induce osteoblast differentiation. Chromatin immunoprecipitation was performed following Thomas et al. (S9) with minor modifications. Briefly, cells were washed, cross-linked with 1.1% formaldehyde in phosphate-buffered saline at room temperature for 10 min and the reaction quenched by addition of glycine to a final concentration of 0.125 M. Cells were harvested, lysed in 10 mM Tris HCl pH 8.0, containing 10 mM EDTA , 0.5 mM EGTA and 0.25% Triton X-100 solution for 30 min at 4°C, centrifuged at 200g for 5 min, and the nuclear pellet washed in 10 mM Tris-HCl pH 8.0 containing 1 mM EDTA, 0.5 mM EGTA and 200 mM NaCl. After an additional centrifugation step, nuclei were resuspended in sonication buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% SDS w/v, 1 mM AEBSF, 10 µg/ml aprotinin, and 0.8 µg/ml leupeptin) and sonicated (Branson 450 sonifier, setting 4, 100% duty) for 10-15 bursts of 10 s each, at 4°C. This yielded DNA fragments of 0.5-to 1-kb average length. After centrifugation, the OD 260 was adjusted to 6 AU/ml in IP buffer (NaCl 140 mM, Triton X-100 1% wt/vol, DOC 0.1% wt/vol, PMSF 1 mM, yeast tRNA 100 mg/ml, BSA 100 mg/ml) and precleared for 15 min at 4°C with Staph A cells. The supernatants were incubated with anti-Flag (2 µg M2, Sigma), or control antibodies (2 µg anti-mouse IgG) at 4°C for overnight. After addition of 2 mg of anti-rabbit mouse IgG, the immunocomplexes were isolated with Staph A cells and washed two times with wash buffer 1 (2 mM EDTA, 50 mM Tris-HCl pH8.0) and five times with wash buffer 2 (100 mM Tris-HCl pH 8.0, 500 mM LiCl, 1% NP40, 1% deoxycholic acid). Following the last wash, antibody/protein/DNA complexes were eluted with 50 mM NaHCO3, 1% (w/v) SDS, and treated with RNase A. Samples were incubated at 67°C for 4-5 hrs to reverse formaldehyde cross-links. The DNA was purified using the QIAGEN PCR Purification kit (Qiagen Inc., Valencia, CA, USA), stored in 50 µl of 10 mM Tris-HCl pH 8.5, and 2 µl was used for PCR. The following primer set was used to amplify the osteocalcin promoter: OC promoter-5: 5'-CTGAACTGGGCAAATGAGGACA and OC promoter-3: 5'-AGGGGATGCTGCCAGGACTAAT. PCR reactions were performed using Taq PCR Master Mix Kit (Qiagen Inc., Valencia, CA, USA) with the following settings: a 94°C × 15 s denaturing step, 30 cycles of 94°C × 30 s, and 72°C × 70 s, and finally a 5-min 72°C elongation step.
Similar experiments were performed using 3T3-L1 cells stably expressing FLAGtagged wild-type TAZ after induction of adipogenesis using dexamethasone, insulin, and 1 µM Rosiglitzazone for 48 hrs. The following primer set was used to amplify the aP2 promoter: aP2 promoter-5: 5'-GCTTGATTGTTACAAGGCAAGGAAGG and aP2 promoter-3: 5'-CCAGCAGGAATCAGGTAGCTGGAG.
Cloning of zebrafish TAZ
Putative exons of the zebrafish TAZ gene were found by TBLASTN searches of zebrafish ests and whole genome shotgun sequences from the Sanger Center zebrafish genome project available as of July 2002. The assembled sequence was confirmed by RT-PCR using primers in the putative 5'-most and 3'-most exons and mRNA from a pool of embryos at 24, 48, 72, 96, and 120 hours post fertilization, followed by complete dideoxy sequencing. The primers used were: zfTAZ forward primer 5'-CAAACACTTTTCAACTCGGCTGAAAC-3' and zfTAZ reverse primer 5'-CTTTGAGAGCACAAATCCGACAGC-3'. The sequence has been deposited into GenBank with the accession number XXXXX. Alignment of the predicted zebrafish TAZ amino acid sequence to human and mouse TAZ sequences were performed using ClustalW (S10).
Morpholino oligomer antisense experiments in zebrafish.
Antisense morpholino oligonucleotides directed against the zebrafish TAZ translation initiation codon (zTAZ MO: 5'-CTGGAGAGGATTACCGCTCATGGTC-3') and a standard control oligomer (Con MO) were purchased from GeneTools LLC (Philomath, OR). Zebrafish embryos in the 1-to 2-cell stage were injected with 1 ng of oligonucleotides in 1× Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca (NO 3 ) 2 , 5 mM Hepes pH 7.6), and maintained as described previously (S11). Alizarin Red-S staining was performed following Morin-Kensicki et al. (S12) .
